The Triplo-lethal (Tp!) locus of Drosophila is the only known locus which Is lethal when present in three copies rather than the normal two. After recovering a hybrid-dysgenesls-induced mutation of Tpl we used a rapid combination of transposon tagging, chromosome microdissection and PCR to clone the P element that had transposed into the Tpl region. That P element is located within the gene for a new and unique member of the RNA helicase family. This new helicase differs from all others known by having glycine-rlch repeats at both the amino and carboxyl termini. Curiously, genetic analysis shows that the P element inserted into this gene is not responsible for the Tpl mutant phenotype. We present possible explanations for these findings.
INTRODUCTION
One of the presumed selective advantages of diploidy is that the organism is buffered against the consequences of genetic damage by the presence of two copies of each gene. Since most null mutations are recessive, the concentration of most gene products in the cell must generally be in excess of what is required to carry out their function. Therefore, an increase in the copy number of a single gene should rarely be deleterious. This prediction was borne out for a multicellular organism, Drosophila melanogaster, when Lindsley, Sandier and coworkers systematically examined the effects of aneuploidy for small regions of the genome (1) . Their work demonstrated that there is only one locus in the entire genome which is lethal when present in three copies. This locus was named Triplo-lethal (Tpl), and is located on the third chromosome at cytological location 83E1,2 (2, our unpublished data). Tpl is also haplo-lethal, so any alteration in the dosage of Tpl has a dominant lethal phenotype. Individuals carrying either one or three doses of Tpl die as late embryos or early first instar larvae with no obvious morphological abnormalities (2-4, our unpublished data).
Genetic analysis of Tpl has revealed that it is an unusual or complex locus. Although deficiencies for the locus are easily selected because they block the lethal effect of a duplication of the locus, extensive efforts to obtain point mutations having the same phenotype as deficiencies have been fruitless (3) (4) (5) . An intermediate class of mutation, referred to as hypomorphic alleles, has been recovered. These mutations block the lethal effect of a duplication of Tpl and they are recessive lethals, but they are not dominant lethals as deficiencies are. The recovery of this class of mutation has been sporadic (4) . Following P-M hybrid dysgenesis, we recovered fifteen hypomorphic alleles (5) . The high rate of recovery of hypomorphic alleles following hybrid dysgenesis, the low rate of recovery with any other mutagen, and the fact that the hypomorphic alleles recovered by Roehrdanz and Lucchesi (4) are hotspots for homologous recombination (6) suggests that transposable elements may be responsible for this class of mutational event at Tpl. In addition the apparent failure of all these studies to recover point mutations whose phenotype is the same as a deficiency suggests that Tpl may consist of several functionally redundant genes, such that more than one single base change is required to completely eliminate the function of Tpl (3) (4) (5) .
Surprisingly, of the fifteen hypomorphic alleles recovered following hybrid dysgenesis, fourteen have no P element associated with the known cytogenetic location of Tpl (5). The fifteenth, Tpf 34 , has a P element hybridization signal at band 83E1,2. By a combination of transposon tagging (7) with microdissection and amplification (8) we rapidly cloned the P element present at 83E1,2 along with the flanking genomic DNA. The flanking DNA was then used as a probe to isolate cDNA clones, which were analyzed by DNA sequencing. The cDNA sequence suggests that we have cloned a new member of a growing family of RNA helicase genes (9-23), but one with several unusual features. The protein is homologous to the RNA helicases already found, and appears to be most similar to the human nuclear protein p68 (10) . The human and Drosophila genes are even interrupted by an intron at the exact same location. However, this Drosophila protein, RM62, is probably not the functional equivalent of the human p68 protein since not all putative functional domains are conserved between them, and the Drosophila protein has a new glycine-rich motif at both termini that is not present in the human p68 protein.
Sequencing of both genomic and cDNA clones of the helicase shows that the P element in the mutant TpV 34 lies within an intron of the gene. This intron is in an unusual location; it interrupts the initiator AUG codon. Curiously, genetic tests suggest that this P element is not actually responsible for the Tpf 34 mutation (5, this work). Here we report a rapid new method for isolating mobileelement-containing clones from defined chromosomal regions in mutants, and how this approach was used on the Tpf 34 mutant. We describe the transcription unit found there, and the new member of the RNA helicase family encoded by the gene. We also discuss the possible relevance of the RNA helicase gene to the mysteries of the Triplo-lethal locus of Drosophila.
MATERIALS AND METHODS

Drosophila mutants
The origins of the Tpl mutations used in this study, and the culture conditions, were as previously described (3, 5) . All other genetic markers are described in Lindsley and Grell (24) .
Library construction and screening
Genomic DNA was prepared from adult flies of the genotype Tpf 34 I Dp(3R)21l73 by the method of Scott et al (25) . The DNA was partially digested with Sau3A under conditions optimized to produce a large proportion of 15 to 20 kilobase fragments (26) , treated with calf intestinal alkaline phosphatase (Boehringer Mannheim), then ligated to Lambda DASH predigested with BamHI and HindUI (Stratagene). The recombinant phage DNA was packaged in vitro with the Gigapack XL kit (Stratagene) and propagated on E. coli LE392 (Stratagene).
Cosmid and lambda libraries were screened by standard protocols (26) using DNA probes labelled with [a-32 P]-dCTP by the random hexamer method (27) . Plasmid px25.7wc DNA (28) was used for the primary screening of the Tpf 34 lambda library. The XgtlO cDNA library (29) was screened with EcoRI fragments from XMargolO subcloned into pVZ-1 (see below). In situ hybridization of biotinylated DNA probes to polytene chromosomes was done as described previously (5).
Northern Blotting
Poly(A) + RNA was purified from 0-12 hour embryos, third instar larvae, adults and SL2 Drosophila tissue culture cells using the guanidine isothiocyanate/CsCl method followed by chromatography on oligo-(dT)-cellulose as described (26) . RNA was denatured in glyoxal, electrophoresed in 1% agarose gels, transferred to nitrocellulose, and probed with 32 P-labelled DNA as described (30) .
Microdissection PCR
A collection of Mbol restriction fragments from the region encompassing 83C-83F was produced by microdissection of this region from larval salivary gland polytene chromosomes, followed by Mbol digestion, linker ligation to provide primer binding sites, and amplification using the polymerase chain reaction as described (8) . Radiolabelled probes were made by further amplifying the collection of fragments for 10 cycles of PCR in the presence of [a-
32 P]-dCTP.
DNA Sequencing cDNA clones from XgtlO and genomic restriction fragments from cosmid and lambda clones were subcloned in both orientations in the phagemid pVZ-1 for sequencing of single-stranded DNA templates as described (31) . A nested series of deletions was generated for each cloned insert with exonuclease m (32) for sequencing using the dideoxy-chain-termination procedure (33) . 10 Ki p? / TM3, Ser. Any progeny who were Kinked but non-Serrate were mated to l(3)DTS-2 Sb I TM3, Ser to establish a line, and then further tested for the presence of a hypomorphic allele as previously described (5, 6).
Isolation of
Database searching
The GenBank release 63.0 and EMBL release 21.0 nucleotide sequence databases and the PIR release 22.0 protein sequence database were searched using the FASTA program and GENEPRO software from Riverside Scientific as described (34, 35) .
RESULTS
Cloning the DNA from the Ipf 34 mutant
A genomic library was made from a stock of TpV 34 I Dp(3;3)21l73 in the vector Lambda DASH (Stratagene). After screening the library with a P element probe we identified numerous positive plaques, most of which represented clones containing sequences from the approximately 30 other P elements present in the genome of the stock. The positive plaques were re-screened in duplicate with the P element probe, and the probe made from the 83C -F region by microdissection and amplification (8) . From this screening, we recovered one clone, XMargolO, which hybridized to both probes. In situ hybridization of XMargolO to polytene chromosomes from an M strain confirmed that this clone contained unique sequences from 83E1.2. Figure 1 depicts an in situ hybridization of XMargolO Figure 1 . In situ hybridization of XMargolO to a Tpl duplication. XMargolO DNA was biotinylated and hybridized in situ to polytene chromosomes from a stock of Dp(3;3)2ll73 I Df(3R)I&77 as described in Materials and Methods. These chromosomes are described in Keppy and Dcnell (3) . The deficiency is subvisible, and the duplication is a tandem reversed duplication of 83E to 84B. This often takes on the appearance of a hairpin or bulge, the center of which is indicated by the open arrow. The dual hybridization signals of XMargolO in the duplicated region are indicated by the solid arrows.
to polytene chromosomes from a Dp(3;3)21l73 bearing strain. This duplication, which is a tandem reversed duplication of polytene chromosome bands 83E-84B (3), is the prototypic duplication of Tpl, as it is very stable, and has been used with consistent results for a number of years (3) (4) (5) (6) 36) . The hybridization at the distal end of the duplication shows that the cloned DNA in XMargolO is contained within the duplication. A restriction map of the DNA insert from XMargolO is shown in Figure 2 , and the location of the P element is indicated.
Comparison of the restriction map of XMargolO with that of wild type DNA suggests that this P element is approximately 2.9kb and may represent a complete P element (37) .
Subsequently, one of us (D. H. J., manuscript in preparation) has shown that sub-nanogram quantities of DNA from yeast artificial chromosome clones (YACs) of Drosophila can also be digested by a restriction endonuclease, linkered, and amplified by the same method as used here for a microdissected chromosome fragment (see Experimental Procedures). This can then be used as the second probe in order to identify a particular mobile element insert from many positive clones.
Isolation of cDNA clones flanking the P element in Tpl 134
The two EcoRI fragments which include part of the P element and the flanking regions (see Figure 2 ) were subcloned and then used as probes of XgtlO cDNA libraries made from embryos and third-instar larvae (29) , in an effort to obtain clones from the transcription unit(s) flanking the site of insertion of the P element in TpV 34 . A number of clones were recovered which hybridized to M10-2 but not to M10-18. Many of these appeared to be incomplete at the 3-ends, as no poly (A) tract was found when they were subcloned and sequenced. The 5 • cDNA clones were then used to probe the cDNA library, and a large number of independent overlapping cDNA clones was obtained. Subcloning and DNA sequencing of several of these revealed that they all appeared to represent a single class of mRNA molecules, with 2 different poly (A) addition sites. A wild type cosmid library in cosPneo (38) was then screened with the cDNA clones, and two overlapping cosmid clones were obtained. In situ hybridization of the cosmid clones to polytene chromosomes of Dp (3;3) 21l73 / Df(3R)18i77 (data not shown) allow us to orient the molecular map to the chromosome as indicated in Figure 2 .
Characteristics of the protein encoded by the cDNA
The one large open reading frame in the cDNA sequence translates into a protein of 62kD with several unusual properties. Of the first 81 amino acids, 38 are glycines, present in runs of up to 7 glycine residues in a row. This region is also highly charged, with a total of 28 charged residues, including 14 arginines and 9 aspartic acid residues. At the carboxyl end, the same pattern occurs; of the final 49 amino acids, 27 are glycine, and occur in repeats of up to 8 glycines. The carboxyl region is also charged, although not as much as the amino end. Between these glycine-rich and highly charged domains at both ends of the protein is a central core which is homologous to a family of RNA helicases. For comparison, the sequences of the D. melanogaster RM62 protein, the homologous D. pseudoobscura protein (see below), and three other members of the family are presented in Figure 3 . The other members shown are the human nuclear antigen p68 (10) the family, the D. melanogaster vasa protein (12, 16) , which is the only other member of the family described in Drosophila, and the mouse translation initiation factor eIF4AI (39) . Many striking similarities can be seen, particularly the motifs described previously for the RNA helicase family (11, 13, 15, 19 The evolutionary conservation of this sequence between the two species (divergence time ~45MYr) is similar to the extent of conservation seen between other genes from these species (41) . The glycine-rich motifs at the two ends of the protein are conserved in terms of their general sequence, but the lengths of the glycine runs vary between the two species. This suggests that the overall structure conferred by the glycine repeats and the charged residues is important, but the lengths of the glycine repeats can vary within limits without affecting the function of the protein.
Gene structure
Comparison of partial DNA sequence from the wild type cosmid clones with the cDNA sequence revealed two introns. The first intron interrupts the initiator ATG codon, as indicated in Figure  4 . Restriction analysis of the cDNA and the genomic DNA shows that this intron is approximately 2.9kb long. Further DNA sequencing revealed a second intron (tentatively labelled Intron 2) of 107 nucleotides. This intron interrupts the codon for Lysine 371. This corresponds exactly to the location of the only sequenced intron-exon junction of the human p68 gene (42) . The sequences of the splice junction regions of Intron 2 and of the corresponding p68 intron are also shown in Figure 4 . do not report the sequence of the 3' splice junction of p68. The first 6 nucleotides of the intron (including the consensus GT) are also identical in RM62 and p68. Conservation of an intron location for 600 million years (the approximate time since the divergence of vertebrates from invertebrates) suggests a common ancestral origin of both RM62 and p68. The splice junctions and polypyrimidine tracts of both introns are in agreement with the consensus sequences for introns (43) . As the genomic sequence is not complete, there may be other, as yet undetected, introns in the gene.
DNA sequencing of the M10-2 and M10-18 subclones (see Figure 2 ) using oligonucleotide primers derived from the P element sequence (37) , and primers derived from the cDNA sequence allowed us to locate the site of insertion of the P element in TpP 34 . The P element is located in Intron 1, 77 nucleotides downstream from the 5' splice site of the intron. The P element is oriented in such a way that the transposase gene is transcribed in the same direction as RM62. The addition of the 2.9kb P element to Intron 1 makes this intron approximately 5.8kb in the mutant gene.
Analysis of RNA transcripts RNA was extracted from flies at various stages of development and transferred to a Northern blot. Figure 5 shows the blot hybridized with the complete RM62 cDNA clone. The lanes all contain poly(A)+ selected mRNA except the one labeled total adult, which contains total RNA from adults. (42) . The 'N's indicate that the DNA sequence for that region has not been reported, although the protein sequence shown below it has been deduced from the unpublished cDNA sequence and reported (10).
-0.8kb alternative polyadenylation sites seen in some of the cDNA clones. The pattern of transcript sizes is qualitatively the same in all stages of development and in cultured Drosophila cells.
Mapping Tpl mutations to the region Subsequent to the cloning work described above, we obtained data suggesting that the P element present in TpP 34 may not be responsible for the mutant phenotype. Since some Tpl hypomorphic alleles have proven to be hotspots for homologous recombination (6) 34 Ki pP recombinant was obtained, as previously described (5) . This chromosome, which is indistinguishable in its Tpl phenotype from the Tpl 134 parent chromosome, was shown by in situ hybridization to be missing the P element (5) . In addition, we have now obtained the reciprocal recombinant, ri Tpl* Ki + p + , which is phenorypically wild type at Tpl, and which still has the P element insertion. We also isolated a spontaneous revertant, TpP 34R , which still has the P element intact. The in situ hybridizations have also been confirmed by genomic Southern blotting (data not shown). We now have three independently derived lines in which there is no correlation between the presence of the P element at 83E1.2 and the hypomorphic phenotype of TpP 34 . This confirms and extends our previous finding that the mutant alleles of Tpl that were recovered following hybrid dysgenesis are not due to P element insertions (5) . The recombination data show that the actual lesion that causes the TpP 34 mutation is centromere-proximal to the P element. We have also analyzed the recombinant chromosomes obtained in our earlier study (6) , and find that the lesions causing the hypomorphic alleles Tpl 10 and Tpl 17 are centromere-proximal to a polymorphic Xhol site which is located 14kb distal to the RNA helicase transcription unit (see Figure 2) . We are in the process of further analyzing our collection of deletions, duplications, and hypomorphic alleles by Southern blotting in order to place them on the molecular map.
DISCUSSION
While aneuploidy for whole chromosome arms is severely deleterious, in general this is due to the additive effects of aneuploidy for all of the genes within the duplicated or deleted region. The only known case of a single locus being lethal when present in non-diploid copy number is Tpl (1). It is interesting to note that trisomics for the X chromosome (metafemales) and for chromosome arm 2L often survive much longer than flies carrying three copies of Tpl (44) (45) (46) . One possible explanation for why dosage alterations of Tpl are so severe is that Tpl is involved in such a fundamental cellular process that disruption of that process has pleiotropic effects on expression of the entire genome. Some aspect of RNA metabolism, such as splicing, turnover or localization, might be such a process, so the discovery of an RNA helicase gene in the region of Tpl is therefore intriguing.
The genetics of Tpl suggest that it is a complex locus, possibly involving functionally redundant genes. RM62 by itself can not explain the complex genetics of Tpl. Functional redundancy of several RNA helicases including RM62 could explain the difficulty in generating point mutations at Tpl, since eliminating only one member of the group would have a minimal effect compared to deleting all of them at once. Duplications of Tpl, being rather large in molecular terms, would presumably duplicate the entire group of RNA helicases simultaneously. In a different context, Tartof and coworkers point out that extreme gene dosage sensitivity is easily explained by mass action if the gene products are involved in an assembly driven process (47) . Interestingly, one of the members of the RNA helicase family, the E. coli srmB gene, appears to be involved in ribosome assembly, and shows a dosage-dependent interaction with mutations in a ribosomal protein gene (21, 48) .
The cellular role of RM62 is not obvious from the protein sequence. For some members of the RNA helicase family, genetic or biochemical analysis has allowed a function to be postulated (12, 16, 23, 39) . The most similar member of the family to RM62 is the human nuclear antigen p68, and although p68 has been shown to be an RNA-dependent ATPase, and an ATP-dependent RNA helicase (14, 49) , the role of p68 in the cell is unclear. It is also important to note that even though p68 may be the most similar to RM62, there are significant differences between the sequences of p68 and RM62 that make it impossible to draw direct correlations between them. For example, a carboxy-terminal epitope shared between p68 and SV40 Large T antigen is believed to be part of an important functional domain (10) , but it is not conserved in RM62. The striking sequence identities between p68 and RM62, and the identical intron position described above, leave little doubt that these proteins have a common origin. However the equally striking differences between them at the amino and carboxyl termini open the question of whether there is a different Drosophila gene that is the functional equivalent of p68, and a homologous human protein that is the equivalent of RM62.
The glycine-rich motifs at both ends of RM62 are not found in p68 nor any of the other RNA helicases, nor did we find any similar sequences in the GenBank or EMBL databases. While a number of proteins have superficially similar glycine-rich domains (50) (51) (52) , none of them have the large number of both acidic and basic residues within the glycine-rich domain as RM62 does. In general, glycine-rich domains are posited to confer flexibility on the polypeptide chain, perhaps forming 'hinges' between domains (53). In the cytokeratins, glycine-rich regions may be important in chain-chain associations for assembly into intermediate filaments (54) . The highly charged nature of the glycine-rich domains of RM62, and the fact that they occur at both ends of the molecule lead us to suggest that they are extremely flexible 'tails' that extend away from the RNA helicase core of the protein into the solvent. If these tails interact with other proteins, such as cytoskeletal components, or allow RM62 to polymerize, the flexibility conferred by the glycine runs may allow the protein to be oriented independently or to swivel, which might be important in allowing long double-helical RNA molecules to be unwound or translocated by it. Further work on the RM62 protein and Tpl will help to clarify the roles of RNA helicases in cell biology, and may provide a model system for the study of lethal gene interactions and gene dosage effects. 
